Inhibition of Aromatase Induces Partial
are synthesized mainly in the gonad [Miller, 1988; Payne and Hales, 2004] but can also be produced in the brain [Schmidt et al., 2008] . Two major types of androgens are present in fishes, testosterone (T) and 11-ketotestosterone (11-KT), the latter being important for testicular development as well as the development of secondary sexual characteristics [Borg, 1994; Baroiller et al., 1999] . Estradiol is responsible for inducing and maintaining ovarian development [Baroiller et al., 1999] and is produced via the aromatization of T by the aromatase enzyme Cyp19a1. Fishes have 2 gene copies for this enzyme, cyp19a1a and cyp19a1b [Piferrer and Blázquez, 2005] , which emerged from the teleost specific genome duplication [Böhne et al., 2013] . Cyp19a1a is usually highly expressed in the gonad whereas cyp19a1b is higher expressed in the brain [Böhne et al., 2013] . Overall, aromatase activity in the brain of fishes is reported to be 100-1,000 times higher than in other vertebrate taxa [Forlano et al., 2006] . Cyp19a1b is probably involved in a negative feedback control loop in the brain [Devlin and Nagahama, 2002] , which allows steroid hormones to downregulate their own production via kisspeptin and the hypothalamic-pituitary-gonadal axis [Hofmann, 2006] . This plasticity in sexual development also means that aberrant sex reversal can be easily induced in fishes due to e.g. pollution [for reviews, see Bhandari et al., 2015; Senthilkumaran, 2015] . This is mainly due to interference with endogenous sex steroid hormones and can induce full and functional sex reversal when applied before the critical time window of (gonadal) sex differentiation. This phenomenon is routinely exploited in aquacultural mono-sex farming of fish species with a pronounced sexual dimorphism in weight and size or growth rate [Green and Teichert-Coddington, 2000] .
Recent studies of induced sex change support the existence of an even greater plasticity of sexual development and identity in fishes than anticipated. A complete functional sex reversal can be induced by treatment with aromatase inhibitors (AI) even long after the original sex differentiation time window in adult females of three gono choristic teleosts, medaka (Oryzias latipes) , Nile tilapia (Oreochromis niloticus) [Paul-Prasanth et al., 2013; Sun et al., 2014] , and zebrafish (Danio rerio) [Takatsu et al., 2013] .
Here, we investigated if sex reversal can be induced in Burton's Mouthbrooder (Astatotilapia burtoni) , a member of the most species rich lineage of cichlids, the Haplochromini, and endemic to East African Lake Tanganyika and its affluent rivers [Salzburger et al., 2005; Theis et al., 2014] . It is a well-studied model system in neuroendocrinology [Huffman et al., 2013; Maruska, 2014] , ecology [Theis et al., 2014] and behavioral research [Theis et al., 2012] , in evo-devo [Santos et al., 2014] , and in genetics and genomics [Salzburger et al., 2008; Böhne et al., 2013] with the benefit of a fully sequenced genome [Brawand et al., 2014] . A. burtoni is a gonochoristic maternal mouthbrooder species with pronounced sexual dimorphism. Males are larger, territorial, brightly colored, and have egg-spots (conspicuous orange-yellow markings) on the anal fin [Heule and Salzburger, 2011; Santos et al., 2014] and eye bars across their face [Renn et al., 2012] . Females are smaller, have cryptic coloration, and less pronounced yellow egg-spots. Using hormonal sex reversal experiments in juvenile fish with subsequent crossings, we could previously show that A. burtoni likely possesses an XX/XY sex chromosome system [Heule et al., 2014b] .
Furthermore, this system has the advantage of a wellinvestigated sex steroid hormone system. Androgens modulate reproductive, aggressive, and dominant behavior in male A. burtoni [O'Connell and Hofmann, 2012; O'Connell et al., 2013] , and estrogens increase aggressive behavior [Huffman et al., 2013] . Males have higher circulating levels of androgens and even 17β-estradiol (E2) than females and levels of T and 11-KT show a positive correlation, i.e. 11-KT levels are lower than those of T [Kidd et al., 2010 [Kidd et al., , 2013 . Furthermore, fadrozole has been shown to successfully inhibit aromatase in males of this species, leading to an increase in T levels and a reduction in E2 levels shortly after administration of this AI [Huffman et al., 2013] .
Interestingly , the expression pattern of aromatase is different in A. burtoni compared to all other teleosts studied so far. Cyp19a1a is overexpressed in the ovary, while cyp19a1b is expressed in the brain (the classic expression pattern in teleosts). Additionally, cyp19a1b is overexpressed in the testis [Böhne et al., 2013] . The coding sequence of cyp19a1b is conserved in cichlids, indicating a preserved function in aromatization of androgens, whereas the function of cyp19a1a remains to be verified, since its coding sequence shows substantial changes in the haplochromine lineage [Böhne et al., 2013] .
To determine whether fadrozole induces a sex change in adult females of A. burtoni , we used color and body measurements, behavioral experiments, as well as hormone and gene expression levels. We compared treated fish to untreated males and females to investigate potential changes in sex-specific characteristics.
Materials and Methods

Animals and Fadrozole Exposure
All fish used in this study were sexually mature and obtained from a laboratory strain of A. burtoni . Fish were maintained at 25 ° C with a 12: 12 h dark-light cycle with 10-min dusk and dawn periods. Tanks were provided with gravel and terracotta flowerpots, which served as natural shelters. To allow an individual identification, all fish were marked using a subdermal injection of a visible implant elastomer tag (Northwest Marine Technology).
Fish were divided into the following 4 experimental groups: female control group (n = 17), male control group (n = 10 due to larger size and increased aggression levels), and female fadrozole AI group with 2 replicates in separate tanks (AI1, n = 17; AI2, n = 17). All fish were reared under the same conditions except for provided food. All groups were fed 3 times a day with a measured diet of flake food (TetraMin). The amount was adjusted weekly based on the overall weight of each group (0.025 g of food/g wet body weight). After 70 days, the food amount was reduced by 50% due to saturation of food intake. Food for the AI groups was soaked in 100% ethanol containing fadrozole (200 μg/g flakes, Sigma Aldrich), and for the control group it was soaked in 100% ethanol only. Food was dried at 37 ° C and stored at 4 ° C. After 90 days of treatment, the remaining fish of the 2 AI replicates were combined into 1 tank.
Throughout the fadrozole treatment time, fish were visually inspected on a daily basis and time points of performed experiments adapted according to observed phenotypical and behavioral changes. For more in-depth analysis, we decided to track changes (sex steroid production and coloration) on a subset of the same individual fish.
Development of Egg-Spots and Coloration
The whole body and the anal fin were photographed weekly for 5 control females, and 5 fish of AI1 and AI2 under standardized measurement conditions using a Nikon D5000 digital camera. Five males of the control group were photographed before the experiment. All individuals were photographed after 90 days.
Egg-spot number and coloration were quantified and assigned to categories (see online suppl. fig. 1 for examples of the used eggspot coloration categories; for all online suppl. material, see www. karger.com/doi/10.1159/000445463). A linear mixed effect model (CRAN package lme4 version 1.1-6) [Bates et al., 2015] with repeated measures was used to examine treatment effects over time on egg-spot number and coloration, which were set as the dependent variable. Treatment groups and day of treatment and their interaction were included as fixed effects, and individual identity was included as random effect. Data was analyzed following the methods described for the hormone measurements.
Morphometrics of Sex-Specific Shape Differences
To quantify changes in body shape over time, geometric morphometric analyses were conducted on photographs from day 0 and day 90 of control and treated individuals (see online suppl. table 1 for sample sizes). A file in .tps format was created with tpsUtil (v.1.60) [Rohlf, 2015a] . Coordinates of 7 homologous landmarks representing overall body shape and 5 homologous landmarks plus 4 landmarks defining the eye were digitized using tpsDig2 (v.2.18) [Rohlf, 2015b] (for landmark positions, see online suppl. fig. 2 ). A constructed central eye landmark was subsequently calculated as mean value of the 4 eye landmarks. Final coordinates (7 body coordinates, 6 head coordinates) were imported into MorphoJ (v.1.06d) [Klingenberg, 2011] , and landmark configurations were superimposed by a generalized procrustes analysis to remove size variation and rotational as well as translational differences.
A principal component analysis (PCA) was then used to evaluate variation in body and head shape between specimens. Scatterplots were produced showing group differences in body and head shape before the experiment (day 0) and after 90 days. Landmarkbased measurements were used to calculate head length, standard length, and body height.
We further calculated relative body height (height/standard length) and relative head length (head length/height). Mean size differences in relative body height and relative head length were tested using a 1-way analysis of variance (ANOVA) and a Tukey HSD post hoc test.
Hormone Assays
Waterborne hormone levels were measured at 4 time points (before treatment administration, after 14, 30, and 90 days) from 5 fish of the female control group and 5 individuals each for the treatment groups AI1 and AI2. Waterborne hormone levels for 5 males at 0 days were assessed as baseline levels. Waterborne T, E2, and 11-KT levels were quantified following the method validated for A. burtoni by Kidd et al. [2010] using enzyme immune assay kits from Cayman Chemical Company (T EIA kit 582701, 11-KT EIA kit 582751, E2 EIA kit 582251) following the manufacturer's instructions. Briefly, water samples were filtered and immediately processed using C18 solid-phase extraction columns (Waters Corporation) attached to a vacuum manifold and stored afterwards at -20 ° C. Samples were eluted with ethanol, dried under nitrogen gas, and suspended in assay buffer. E2 and T samples were diluted 1: 16 in assay buffer and 11-KT samples were diluted 1: 4. Absorbance was measured at 405 nm using a micro plate reader (Spectramax M2e Plate Reader). All samples and standards were assayed in duplicate, and 2 plates each were run for T, E, and 11-KT due to sample size.
The intra-assay coefficients of variation were below the general tolerance level of 20% [Reed et al., 2002] with 3.1 and 2.7% for T, 3.6 and 2.7% for E, and 8.56 and 5.2% for 11-KT. The inter-assay coefficients of variation for T, E, and 11-KT were 4.4, 6.6, and 12.5%, respectively. Values with a %CV >20 were excluded. All statistical analyses were conducted in R (v.3.0.2) [R Core Team, 2014] . For all experiments, variables were visually inspected by examining QQ plots and tested for normality using a Shapiro-Wilk test. For subsequent statistical analyses, hormone measurements were log-transformed, resulting in normalized residuals. A linear mixed effect model (R CRAN package lme4 version 1.1-6) with repeated measures was used to examine treatment effects over time on hormone concentration. Hormone levels (T, 11-KT, E2) were set as the dependent variable, treatment groups and days of treatment as factor, and their interaction were included as fixed effects. To account for repeated measures, individual identity was included as random effect. The best fitting model was selected based on Akaike information criterion and a χ 2 test (ANOVA). To compare time points between groups, a comparison matrix was used (R CRAN package multcomp version 1.4-0) [Hothorn et al., 2008] . Subsets were used to examine time points within a group. Plots were generated using the R package ggplot2 (version 1.0.1) [Wickham, 2009 ].
Gonad Histology
Gonad histology was assessed in 3 individuals per treatment group after 168 days. Gonads were dissected and fixed overnight in 4% paraformaldehyde at 4 ° C. Samples were subsequently washed in 70% ethanol and kept in ethanol for storage at room temperature. Histological analyses were done by Histalim (Montpellier) on 3-5 μm gonad sections using a hematoxylin-eosin staining. Gonad type analyses were based on structural aspects, mainly the presence or absence of ovarian follicles and oocytes. Slides were digitalized (Nanozoomer 2.0HT, Hamamatsu) and assessed using the NanoZoomer Digital Software (NDP.view 2). The gonado-somatic index (GSI) was calculated as GSI = (gonad weight/body wet weight) × 100.
RNA Extraction, cDNA Synthesis, and qRT-PCR
Expression levels of genes with described sexual dimorphic expression patterns as well as genes involved in the sex steroid pathway were measured in brain and gonad tissue. RNA extraction and expression analysis followed the method described in Böhne et al. [2013] . Briefly, gills, brain tissue, and gonads of each sex and group (females, n = 5; males, n = 5; AI 168 days, n = 3, AI 310 days, n = 6) were dissected and stored at -80 ° C in RNAlater (Life Technologies) until extraction.
Samples were incubated overnight at 4 ° C in Trizol (TRI Reagent, Sigma Aldrich), and RNA was subsequently extracted following the Trizol protocol and stored at -80 ° C. RNA quality and quantity were assessed by measuring spectrophotometric absorbance (NanoDrop1000, Thermo Scientific) and using a fluorometer (Qubit RNA BR Assay Kit, Life Technologies). Prior to reverse transcription, RNA was treated with DNA-free Kit (Life Technologies) following the manufacturer's instructions to remove potential DNA contaminations. DNase-treated RNA (1 μg) was reversetranscribed into cDNA using the High Capacity RNA to cDNA Kit (Applied Biosystems).
All qRT-PCR experiments were run on a StepOnePlus RealTime system (Life Technologies) with a final cDNA concentration of 0.5 ng/μl and 200 n M primer with SYBR Green master dye (Roche) in a total volume of 20 μl using the following cycling conditions: 95 ° C for 10 min, 40 cycles of 95 ° C for 15 s and 58 ° C for 60 s. A melt curve step after cycling was included for all amplifications to insure specificity of amplification.
Primer sequences for ara and arb were taken from Harbott et al. [2007] and validated as previously described [Böhne et al., 2013] . Primers and their efficiencies for cyp19a1A , cyp19a1B , cyp11b2 , foxl2A , foxl2B , sf-1 , dmrt1, and rpl7 were taken from Böhne et al. [2013] . For each gene, all samples were run with 3 technical replicates. For data analysis, the lowest cycle threshold (Ct) for expression was set at 37 cycles. Expression of the target gene was calculated relative to the control gene rpl7 by using the equation for mean normalized gene expression: MNE = E rpl7
Ctrpl7 /E Target CtTarget [Simon, 2003] . To compare gene expression data between control males, control females, and AI females, a non-parametric KruskalWallis test on ranks with a Dunn's post hoc test was performed (R CRAN package dunn.test version 1.2.3), following the method described in Maruska and Fernald [2010] . A Benjamini-Hochberg false discovery rate was used to correct for multiple comparisons.
Behavior A 2-way choice experiment was used to test if fadrozole induced a shift from female towards male behavior in AI females after 250 days of treatment. Fadrozole treatment was paused for the duration of the behavioral trial to avoid cross contamination of experimental groups. A 3-tank set up with a larger central (60 × 30 × 30 cm) and 2 smaller outer tanks (40 × 25 × 25 cm) was used to allow choices based solely on visual cues (online suppl. fig. 3 ) [Theis et al., 2012] .
Fish were weighted, standard and total length were measured, and fish pairs were assigned based on similar size. A control male and a control female stimulus fish were simultaneously presented in the outer tanks to a control female, control male, or AI female focal fish placed in the central tank. Sex of the stimulus fishes was assigned randomly to the 2 outer tanks to control for a possible side bias. Fish were allowed to acclimate for at least 19 h prior to filming. All tanks were provided with shelter, and fish were visually isolated until the filming was performed. Ten minutes of each video (Sony Handycam HDRXR550VE) were analyzed (iMovie, v. 9.0.8), starting after the focal fish visited both choice zones and returned to the neutral zone. Interaction time and time spent in choice zones were measured.
Attempts of interaction, number of visits in choice zone, presence/absence of an eye bar within choice zones, and display behavior (lateral and frontal display of spread fins) of the focal fish were counted. A Friedman test was used to correct for the multiple use of stimulus pairs. A Wilcoxon signed-rank test with Bonferroni correction was performed as post hoc analysis.
Results
Fadrozole Rapidly Induces Male-Typical Coloration in A. burtoni
Early on in the experiment (after 14 days), we observed the appearance of male-typical coloration in AI females. They showed an increase in egg-spot number and size ( fig. 1 A, C, 14 days), and we detected a significant interaction between AI treatment and day of treatment for egg-spot number [lme: F(9,14) = 30.79, p < 0.001] as well as egg-spot coloration [lme: F(9,14) = 73.53, p < 0.001].
Egg-spot number of AI females started to differ significantly from control females between 14 and 28 days (z = 2.37, p = 0.036), and egg-spot coloration differed already between 0 and 14 days (z = 2.44, p = 0.014). After 28 days, egg-spots showed an orange coloration and increased further in size in AI females. After 56 days, AI females developed additional egg-spots, which were orange and surrounded by an outer blue circle. No further changes in egg-spots were detected after 90 days. After 90 days, AI females displayed male territorial coloration, with most individuals displaying an eye bar, male-like egg-spots, and male body coloration. In contrast to this, control females did not change in egg-spot number or coloration ( fig. 1 B, C) .
Morphometrics of Sex-Specific Shape Differences
Only 2 of the 5 control males showed territorial coloration before the experiment (day 0), likely due to the mono-sex set-up of the tanks. None of the control or of the AI females showed territorial coloration at day 0 ( fig. 2 A, 3 A) . Territorial coloration was defined as the presence of at least 3 of the following traits: eye bar, orange egg-spots, body coloration, and blue lips. After 90 days, all males and 88% of AI females showed clear territorial coloration, whereas none of the females showed this trait combination.
To assess if the overall body shape was affected by AI and if body shape could be driven towards a more malelike body, we used geometric morphometrics on images of control and AI females at day 0 (same individuals for which hormone production was measured, see below), images of all female fish used in the experiment after 90 days, and images of the male control group before and after 90 days (online suppl. table 1). The 2 AI replicate groups did not vary in their distribution of individuals in morphospace nor showed significant differences [relative head length, ANOVA: F(3,16) = 0.7256, p = 0.551; relative body length, ANOVA: F(3,16) = 0.4771, p = 0.7227] and were hence pooled in this analysis. In a PCA of mean body shape, PC 1 (principal component) and PC 2 combined covered 59.9% of the total variation in the dataset. Group differences in body shape along PC 1 ( fig. 2 A) were mainly based on body depth, dorsal fin length, and -to some extent -mouth position. All groups showed substantial overlap at day 0. After 90 days, all groups exhibited a deeper body shape with a shorter dorsal fin (higher PC 1 values).
At 90 days, differences between control groups were largely confined to PC 2, with females being more slender and having a more elongated head as males, which in addition showed a prolongation of the dorsal and anal fin. Interestingly, AI females showed an intermediate body shape, overlapping with both males and females on PC 1 and PC 2 after 90 days.
Comparing relative body height separately, females were significantly more slender after 90 days than males, while AI females appeared intermediate ( fig. 2 B) . Main variation in head shape ( fig. 3 A) on PC 1 (accounting for 45.1% of variance) was based on a shortened head and elongated mouth (with females having a shorter mouth and a more slender but longer head). After 90 days, AI females overlapped with control females on PC 1 and with both males and females on PC 2. After 90 days, head length was significantly different between males and the 2 female groups ( fig. 3 B) .
In conclusion, PCA of head and body shape showed that some AI individuals closely resembled normal females, whereas others developed a shape more similar to males or were placed between a male and female shape.
Hormonal Response to Fadrozole Treatment
The effect of fadrozole on androgen (T and 11-KT) and estrogen (E2) levels was measured during the first 90 days of treatment to assess whether fadrozole indeed in- hibits aromatase activity in female A. burtoni ( fig. 4 , same fish as above). T levels differed at day 0 between the 2 AI replicate groups [ANOVA: F(3,16) = 6.669, Tukey: p < 0.01] and hence the treatment replicates were analyzed separately. We observed a significant effect of AI group and treatment day on androgen levels [T: treatment group × day of treatment: F(8,14) = 32.276, p = 0.001; 11-KT: treatment group × day of treatment: F(8,14) = 17.597, p < 0.01]. During the treatment period, T levels increased continuously in the AI1 females from 0 to 90 days and reached male baseline levels at day 30 with a significant increase already between 0 and 14 days compared to those of control females ( fig. 4 B; females/AI1: z = 4.163, p < 0.001). In contrast, AI2 fish started with T levels similar to those of control males, and there was no significant effect of day of treatment for this group [F(3,6) = 3.0172, p = 0.389]. T levels of control females decreased between 0 and 14 days (z = 3.926, p < 0.05) and then remained similar until 90 days.
For the second androgen, 11-KT, levels in the 2 treatment replicates were similar at all time points. 11-KT levels increased significantly for both AI groups until day 30, where they reached male baseline levels ( fig. 4 A; AI1: significant increase in 11-KT between 0 and 30 days, z = 3.778, p < 0.01 and between 14 and 30 days, z = 3.488, p = 0.00146; AI2: significant increase between 0 and 30 days, z = 2.912, p = 0.0108). After treatment started, 11-KT levels of control females were always lower than those of control males and AI females. 11-KT levels of both AI groups differed significantly between 0 and 14 days from those of control females (females/AI1: z = 2.75, p < 0.01; females/AI2: z = 3.243, p < 0.01) and remained different until day 90 (females/AI1: z = 2.972, p < 0.01; females/ AI2: z = 2.646, p < 0.05).
Estradiol levels were similar in control females and AI females at day 0 and did not significantly change throughout treatment [treatment group × day of treatment: F(7,10) = 1.39, p = 0.71] ( fig. 4 C) . As expected, and in agreement with previous studies [O 'Connell and Hofmann, 2011; Renn et al., 2012; Huffman et al., 2013; O'Connell et al., 2013] , female E2 levels were lower than male levels.
Aromatase Inhibition Does Not Induce Gonadal Sex Reversal in Females
We analyzed gonad histology after 168 days based on a previous study in Nile tilapia that showed appearance of small spermatogonial cysts after 90 days and fully functional reversal to testis after 180 days of AI treatment Hormone levels throughout treatment. 11-KT ( A ), T ( B ), and E2 levels ( C ) for control females and the 2 treatment replicates AI1 and AI2 are shown. For males, hormone baseline levels were assessed only once. Samples were collected before the treatment and after 14, 30, and 90 days of treatment. The levels are shown as means (ng/ml) ± SEM. 105 [Paul-Prasanth et al., 2013] . Gonad histology of control females showed mature oocytes filled with vitellus, previtellogenic oocytes, and early vitellogenic oocytes as well as atretic large oocytes with vitellus ( fig. 5 A) . Gonads of AI females displayed no similarities in morphology and histology to testis after 168 days with oocytes present in all AI fish analyzed. They showed mainly previtellogenic oocytes ( fig. 5 B) and a few large oocytes in advanced alveolar stage. Vitellogenesis could not clearly be observed in AI females. Control male gonads showed spermatozoids and cysts of maturing germ cells within testicular tubules ( fig. 5 C) . The GSI in AI females after 168 days was lower than in female controls and slightly higher than in males (see online suppl. fig. 4 and table 2) (KW: χ 2 = 4.461, d.f. = 3, p = 0.2). The GSI increased in all groups, but more in the female controls which had a significantly higher GSI after 310 days than males as well as AI treated females (KW: χ 2 = 8.2083, d.f. = 3, p = 0.0165). Males and AI females showed a similar GSI.
Expression Profiles of Key Genes Involved in Sex Differentiation
To further interrogate the influence of aromatase inhibition on gonad function, we investigated genetic markers of sexual differentiation and members of the sex steroid pathway in gonads and brain via quantitative realtime PCR. We profiled expression patterns of the aromatases cyp19a1a and cyp19a1b , the 2 copies of the androgen receptor ara and arb, the aldosterone synthase cyp11b2, the ovarian transcription factors foxl2A and foxl2B, the potential aromatase regulator sf-1, and the conserved vertebrate testis factor dmrt1 again after 168 and 310 days in AI females in comparison to control females and males.
We previously showed that dmrt1, cyp11b2, and cyp19a1b are overexpressed in the testis, whereas cyp19a1a and foxl2a are overexpressed in the ovaries in A. burtoni [Böhne et al., 2013] , and could, therefore, be used as sex-specific markers.
Under the assumption that fadrozole can induce sex change, we expected an upregulation of male-specific markers and a downregulation of female-specific markers in the gonad of AI females. In the Nile tilapia, a trend in this direction can be observed in AI females [Sun et al., 2014] .
In our control fish, we confirmed that the male (cyp19a1b, dmrt1, and cyp11b2) and female (cyp19a1a and foxl2a) gonad markers were expressed in the predicted direction. Furthermore, the previously not tested arb shows a tendency for overexpression in the testis, whereas ara and sf-1 did not show a sex specificity in the gonad. Expression patterns are shown in figure 6 (for statistics, see online suppl. tables 3, 4).
Overall and in contrary to our expectation, AI females at both time points showed gonad expression levels for all genes resembling those of control females. AI females at day 310 showed a significant downregulation in ara and arb . Hence, in agreement with the histological analysis, gene expression in the gonad of AI females remained female-like. Overall, gene expression in the gonad was lower in AI females after 310 days than in AI females after 168 days with the exception of dmrt1 .
As a second tissue, we investigated brain expression levels of the same genes. In a previous study, we did not observe significant differences in any of the genes between normal males and females [Böhne et al., 2013] . Here, we observed a significant change in gene expression in the brain of AI females in the genes most directly influenced by the treatment, the aromatase itself (both copies) as well as the androgen receptor a-copy. The aromatase cyp19a1a is significantly upregulated in AI females after 310 days, whereas AI females at 168 days show female-like levels. The second copy, cyp19a1b is significantly downregulated in AI females after 168 and 310 days compared to both control males and females. Compared to control females, also ara is significantly downregulated in AI females after 168 and 310 days, with expression levels closer to males.
Behavioral Response to Fadrozole Treatment
In a final experiment, we aimed to assess the sexual identity of behavior in the treated fish using a 2-way choice experiment. Focal fish of the 3 groups (females, males, and AI females) were individually presented to a male and female stimulus fish simultaneously, and time spent, interaction time, display behavior, and presence of an eye bar in focal fish were compared among groups.
Time spent with both stimulus fish combined was used as a measure of activity of focal fish, indicating that all groups were equally active (online suppl. fig. 5 ; for all de- , arb, cyp19a1a, cyp19a1b, foxl2a, foxl2b, cyp11b2, sf-1 , and dmrt1 are shown as mean normalized expression (MNE) [Simon, 2003] . Expression was compared in brain and gonads among females (pink), males (blue), and AI females after 168 and 310 days (purple). Expression of dmrt1 in the brain could not be detected. * p < 0.05; * * p < 0.01 determined by a Dunn's post hoc test (see online suppl. tables 3, 4 for details). tails on behavioral experiments, see online suppl. fig. 5-9 and tables 5-8). Overall, AI females showed behaviors that resembled more male-like than female-like behavior ( fig. 7 ) .
Focal fish differed in their time spent in the female choice zone (χ 2 = 6, d.f. = 2, p = 0.04979), with females spending significantly more time in the female choice zone than AI females (p = 0.047) ( fig. 7 A) , whereas AI females and males tend to spent more time in the male choice zone than control females ( fig. 7 A, B) .
We also found a significant difference in the number of displays that focal fish showed towards the stimulus fish (χ 2 = 8, d.f. = 2, p = 0.01832) ( fig. 7 C, online suppl. fig. 8 ), with males and AI females showing more displays than females (significantly more in males than females, p = 0.047; not different between males and AI females, p = 1; AI females and control females, p = 0.103).
Focal fish are also significantly different in their behavior to show eye bars to focal fish (χ 2 = 8.963, d.f. = 2, p = 0.01132), with AI females and males showing eye bars more often than females ( fig. 7 D, online suppl. fig. 9 ).
Discussion
Estrogen plays an important role in the regulation of sex differentiation in fishes, with elevated levels inducing ovarian development and maintaining the female phenotype [Baroiller et al., 1999] . Previous studies using AI in females of gonochoristic fishes as distantly related as the Nile tilapia, medaka, and zebrafish revealed that a functional sex change is possible even after sex determination. In the presented study, we tested if the AI fadrozole is also able to induce secondary sex reversal in mature females of the species A. burtoni . In female Nile tilapia, aromatase inhibition causes multiple phenotypic and physiological changes including secondary sex reversal, a reduction in E2 levels, and downregulation of female-specific and activation of male-specific pathway genes [Sun et al., 2014] .
We assumed that A. burtoni might react similarly to fadrozole treatment as Nile tilapia, since it is also a mouthbrooding cichlid with an XX/XY sex-determining system [Heule et al., 2014b] . Also, aromatase inhibition by fadrozole treatment had previously been shown to work in male A. burtoni leading to increased androgen and reduced estrogen levels [Huffman et al., 2013] .
Under normal conditions, A. burtoni shows a sex bias in sex steroid hormones, with males having both higher levels of androgens and E2 [O'Connell and Hofmann, 2011; Renn et al., 2012; Huffman et al., 2013; O'Connell et al., 2013] . This is already in contrast to Nile tilapia, where males have lower levels of E2 than females [Sun et al., 2014] .
The AI-treated female fish showed a rapid increase in androgen levels, reaching similar concentrations as male fish. However, E2 levels resembled strongly those of control females, with both being actually lower than male levels but no reduction below the female level in AI females. It is possible that a reduction in E2 levels was only tran- sient and hence not detected given the time intervals used for our measurements. Note that steroid levels in male A. burtoni treated with fadrozole were measured shortly after injection of the inhibitor [Huffman et al., 2013] and not as in the present study over a period of several weeks. Importantly, in the study by Huffman et al. [2013] , T and E2 levels became uncorrelated in male A. burtoni after fadrozole treatment, suggesting a dysregulation of the 2 hormones possibly due to a complex regulatory mechanism. In addition, a compensatory response has previously been shown in other fish species after AI treatment, resulting in a reestablishment of normal E2 levels [Villeneuve et al., 2009a; Garcia-Reyero et al., 2014] . Also, goldfish and common carp treated with fadrozole do not show a reduction in E2 levels [Mikolajczyk et al., 2007] ; however, androgen levels were not measured in this study. We observed a fast reaction to AI in the external phenotype, with treated females showing the appearance of male-typical traits after 14 days already. AI treatment also had some further effects on the overall appearance of the treated fish impacting body and head shape. Previous studies showed that the sexes in cichlids differ mostly in head shape and that mouth-brooding females have larger heads (buccal region) with longer snouts [Oliveira and Almada, 1995; Herler et al., 2010; Van Wassenbergh et al., 2015] . This is in accordance with our findings that females have a more slender but longer head with a shorter mouth, whereas males have a deeper body, a shorter head, as well as longer dorsal and anal fins. Note that prior to treatment, some AI females overlapped with control females but some started closer to males for head and body shape. Some of the AI females developed a body shape that is placed between those of control males and females.
AI females showed a great variation in head shape, with some overlap in morphospace with control females but also occupying a separate part of the morphospace between males and females on PC1. This could indicate that head shape of AI females developed away from female towards male head shape. However, due to sample size differences between time points and groups, it is possible that group variation is underestimated.
None of the females and only a few males displayed territorial coloration at the beginning of the experiment. After 90 days, all control males and 88% of AI females developed male-typical territorial coloration. Changes in body coloration and egg-spots over time in AI females clearly corresponded to a male phenotype. We propose that the changes in color and shape of AI females are most likely due to the increased levels of androgens and the subsequent activation of androgen specific pathways.
Unlike in the 3 other species studied so far, we did not find male gonadal structures in the gonads of AI females. The GSI was slightly decreased after 168 days in AI females compared to control females and became significantly different after 310 days, being similar to those of males. This suggests that AI negatively affects ovarian maintenance reducing the GSI and possibly impacts oocyte maturation in A. burtoni .
Studies in other fish species showed similar effects on oocyte maturation. Female goldfish treated with fadrozole only contain oocytes at early stages of development [Zhang et al., 2009] , and fadrozole reduces circulating plasma vitellogenin concentrations in female fathead minnows [Villeneuve et al., 2009a] and inhibits ovarian growth reflected by a reduction in GSI [Panter et al., 2004] . In zebrafish, fadrozole leads to a disruption of oocyte maturation and ovulation as a consequence of impaired vitellogenesis [Villeneuve et al., 2009b] .
With regard to gene expression of male-and femalespecific markers previously found for A. burtoni [Böhne et al., 2013] , we could confirm their specificity of expression in our control groups. In AI females, gene expression in the gonad largely resembled the one in control females; especially the aromatase cyp19a1a and cyp19a1b expressions remained at a female-like level. We did not observe the expected shift towards a more male-like pattern. Arb was significantly downregulated in AI females after 310 days compared to control males. In the closest relative, in which gene expression was investigated after AI treatment, the Nile tilapia, gonadal gene expression in AI females changed but global gene expression profiles also remained closer to control females than control males [Sun et al., 2014] . Still , in the Nile tilapia, cyp19a1a increased in the first 45 days of fadrozole treatment followed by a rapid decline below female control levels [Sun et al., 2014] , whereas A. burtoni here shows the opposite pattern. In addition, the male-specific markers cyp11b2, sf-1, and dmrt1 are upregulated in AI females of the Nile tilapia [Sun et al., 2014] , a pattern we did not observe.
In fishes, the brain remains active in sex steroid production in the adult stage and is supposedly interacting with the gonad [Le Page et al., 2010] . This becomes evident during sex change in hermaphrodites, which is accompanied by changes in aromatase gene expression in the brain [Breton et al., 2015] . It is hence no surprise that brain gene expression in fishes also changes upon treatment with endocrine disruptors [Tian et al., 2015] .
We thus investigated gene expression also in the brain and indeed observed more changes than in the gonads.
Expression of cyp19a1a in AI females was significantly upregulated after 310 days in the brain compared to control females reaching male expression level, which could account for a compensatory effect in E2 levels. In contrast, cyp19a1b expression was significantly downregulated compared to both control groups, which in addition to the inhibition on the protein level could probably account for the increase in androgen levels. Similar effects on the expression of the brain aromatase cyp19a1b are observed in female medaka [Zhang et al., 2008] , goldfish [Zhang et al., 2009] , and fathead minnow [Ankley et al., 2002] , where cyp19a1b levels significantly decrease in the brain in response to fadrozole treatment. In Melanotaenia fluviatilis fadrozole leads to a decrease in cyp19a1b brain expression in females and to an increase in males [Shanthanagouda et al., 2014] . The situation might be similar in A. burtoni with an overall reduction of cyp19a1b expression in the brain in females treated with fadrozole, whereas males treated with fadrozole show increased aromatase expression in certain brain regions [Huffman et al., 2013] .
Furthermore, we detected changes in androgen receptor expression. Two gene copies of the androgen receptor, ara and arb , are present in A. burtoni. Arb usually shows a more widespread distribution in the brain of A. burtoni [Harbott et al., 2007] . We detected a downregulation of ara expression in AI females at both time points, resembling more the expression level of males, whereas expression of arb did not change significantly. In A. burtoni , ara is highly expressed in the pituitary, suggesting a role in regulating the hypothalamic-pituitary-gonadal axis [Harbott et al., 2007] . Androgens can regulate the expression of ar in the brain and a downregulation, as the one we observed here in AI females, could be caused by increased testosterone levels [Kumar and Thakur, 2004] .
Interestingly, AI females developed some male-typical behavior that differed from female behavior. When given the choice, females tend to spend more time in the female choice zone, whereas males and AI females spent a similar amount of time in the male and female choice zones. This pattern can be explained by the fact that females normally only associate with dominant males at the day of spawning [Kidd et al., 2013] . In addition, males showed significantly more displays than females and in a similar amount as AI females. AI females showed more often an eye bar when visiting choice zones compared to control females, resembling the pattern observed in control males.
In conclusion, the increased levels in androgens coupled with the changes in brain gene expression are likely responsible for the observed phenotypical and behavioral changes in AI female A. burtoni . However, in contrast to studies in other teleost species, fadrozole did not reduce E2 levels nor induce a full sex reversal and especially did not transform the female to a male gonad in A. burtoni , indicating that aromatase and steroids have a different function in sex differentiation and especially in the male and female gonad in A. burtoni than in other species. Effects on coloration and androgen levels were observable rather quickly (after 14 days). This is in agreement with previous studies showing that under normal conditions coloration as well as changes in behavior in combination with changes in sex steroid levels occur rapidly and repeatedly in A. burtoni [Huffman et al., 2013; Carpenter et al., 2014] . This indicates an inherent plasticity of these traits although they are usually coupled to one sex.
Our gene expression data once more underline that the brain and the gonad are both important for sex differentiation and for maintaining sexual identity in fishes. Whereas aromatase levels in the gonad were not impacted, we observed an upregulation of the aromatase a-copy and a downregulation of the b-copy in the brain under AI treatment in females, also suggesting that fadrozole impacts the 2 gene copies differently.
We could previously show that the cyp19a1b coding sequence of A. burtoni resembles the one in other fish species, and hence is expected to have a preserved function and thus also susceptibility to fadrozole. However, the a-copy experienced substantial changes at the nucleotide level, likely impacting structure and function of the protein [see fig. 1 in Böhne et al., 2013] and questioning a successful inhibition by fadrozole as well as a conserved role in aromatization of androgens.
Fadrozole coordinates with the iron of the porphyrin nucleus of aromatase, competing with the binding of molecular oxygen to the iron. This reversibly inactivates the aromatase enzyme. Due to its high target specificity it is further assumed that fadrozole specifically interacts with the active site of the enzyme [Browne et al., 1991] . The accession to or composition of different regions of Cyp19a1a might be impacted by the non-synonymous changes that we detected in Lake Tanganyika cichlids.
Our data suggest that the susceptibility to sex reversal is different even between species as closely related as the two cichlids, A. burtoni and O. niloticus . Therefore, impacts of sex steroid hormones and substances interfering with the steroid system need careful investigations on the species and also tissue and physiological level.
